I/Ca ratios in benthic foraminifera from the Peruvian oxygen minimum zone: analytical methodology and evaluation as proxy for redox conditions by Glock, Nicolaas et al.
Biogeosciences, 11, 7077–7095, 2014
www.biogeosciences.net/11/7077/2014/
doi:10.5194/bg-11-7077-2014
© Author(s) 2014. CC Attribution 3.0 License.
I /Ca ratios in benthic foraminifera from the Peruvian oxygen
minimum zone: analytical methodology and evaluation as
a proxy for redox conditions
N. Glock1,2, V. Liebetrau2, and A. Eisenhauer2
1Sonderforschungsbereich 754, Christian Albrechts University Kiel, Climate Biogeochemistry
Interactions in the Tropical Ocean, Kiel, Germany
2GEOMAR Helmholtz-Institut für Ozeanforschung, Wischhofstr. 1–3, 24148 Kiel, Germany
Correspondence to: N. Glock (nglock@geomar.de)
Received: 17 June 2014 – Published in Biogeosciences Discuss.: 29 July 2014
Revised: 7 October 2014 – Accepted: 21 October 2014 – Published: 12 December 2014
Abstract. In this study, we explore the correlation of I /Ca
ratios in three calcitic and one aragonitic foraminiferal
species. I /Ca ratios are evaluated as possible proxies for
changes in ambient redox conditions across the Peruvian
oxygen minimum zone to the ambient oxygen concentra-
tions in the habitat of the foraminiferal species studied.
Cleaning and measurement methods for the determination of
I /Ca ratios are tested. All species show a positive trend in
their I /Ca ratios as a function of higher oxygen concentra-
tions. The most promising species appears to be Uvigerina
striata, which shows a highly statistically significant corre-
lation between I /Ca ratios and bottom water (BW) oxy-
genation (I /Ca= 0.032(±0.004)× [O2]BW+ 0.29(±0.03),
R2= 0.61, F = 75, P < 0.0001). Only for the aragonitic
species Hoeglundina elegans is this relationship not signif-
icant. The iodine volatility in acidic solutions, the species
dependency of I /Ca–[O2]BW correlations, and the individ-
ual variability of single tests, need to be accounted for when
applying the I /Ca ratio as a proxy for redox conditions.
1 Introduction
Tropical oxygen minimum zones (OMZs) are the most im-
portant regions of low oxygen in the recent ocean, and the
nutrient cycling in these regions influences the global ocean.
This is particularly important, because model calculations
predict that the ocean will progressively lose oxygen over the
next 200 years (Bopp et al., 2002; Matear and Hirst, 2003;
Joos et al., 2003), with adverse consequences for marine life
and fisheries. To some extent, oxygen loss is related to ocean
warming, but the main reason is the decreased ocean ven-
tilation due to circulation changes related to anthropogeni-
cally induced climate change. Indeed, a 50-year time series
of dissolved oxygen concentrations reveals vertical expan-
sion of the intermediate depth OMZs in the eastern equato-
rial Atlantic and the equatorial Pacific during this time inter-
val (Stramma et al., 2008). One of the most distinct OMZs
is located at the Peruvian upwelling cell. Although coastal
upwelling cells cover only about 0.14 % of the global ocean
(Baturin, 1983; Wolf, 2002), in 2007, 15.5 million tons of
fish were caught by commercial fisheries in eastern bound-
ary upwelling ecosystems (Fréon et al., 2009), corresponding
to ∼ 17 % of the global catches (91.2 million tons; source:
FAO FishStat, 2013). The Peruvian upwelling cell alone con-
tributed about 8 % of global fish catches (7.2 million tons;
source: FAO FishStat, 2013). Therefore, if the oxygen de-
pletion in this area were to expand, habitats currently rich in
pelagic fish would be endangered in the future.
Reconstruction of the geographical extent and magnitude
of OMZs in the past might help us to estimate future changes
in oxygenation and to estimate the anthropogenic role in the
recent OMZ expansions. For such long-term predictions, a
geochemical proxy for quantitative oxygen reconstruction in
OMZs would be highly desirable. The aim of this study is
to evaluate I /Ca ratios in benthic foraminifera from the Pe-
ruvian OMZ as a possible oxygenation proxy. Element /Ca
ratios in foraminiferal calcite have already been extensively
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used for reconstruction of physical and chemical properties.
One of the most widespread and well-established methods is
temperature reconstruction via the Mg /Ca ratio (Nürnberg
et al., 1996; Rosenthal et al., 1997; Hastings et al., 1998; Lea
et al., 1999; Elderfield and Ganssen, 2000; Lear et al., 2002).
Some elemental ratios in foraminiferal calcite have already
been evaluated as proxies for redox conditions (V /Ca: Hast-
ings et al., 1996a, b, c; U /Ca: Russel et al., 1994). How-
ever, the U /Ca ratio seems to be strongly affected by the
carbonate ion concentration (Russel et al., 2004; Yu et al.,
2008). Furthermore, Mn /Ca ratios have been widely used to
trace for diagenetic alteration of the samples, but there is still
disagreement on the acceptable Mn /Ca ratio (Boyle, 1983;
Boyle and Keigwin, 1985, 1986; Delaney, 1990; Ohkouchi
et al., 1994, Lea, 2003). Nevertheless, in the absence of dia-
genetic alteration, the Mn /Ca ratio might also be a valuable
redox proxy (Fhlaitheartha et al., 2010, Glock et al., 2012).
This is supported by culture experiments on Ammonia tep-
ida which showed that Mn is incorporated into the test cal-
cite proportionally to the concentration in the ambient water
(Munsel et al., 2010).
Iodine is highly redox sensitive and easily reduced to
iodite (I−), which is easily oxidised (see the “200 years
of iodine research” review by Küpper et al., 2011). Of the
two most thermodynamically stable inorganic forms of dis-
solved iodine (iodide, e.g. I−; iodate, e.g. IO−3 ) (Wong and
Brewer, 1977), only IO−3 seems to be incorporated into car-
bonates (Lu et al., 2010). Precipitation experiments by Lu et
al. (2010) showed that the I /Ca ratios in synthetic calcite
are a linear function of the IO−3 concentrations in the am-
bient water, while I− concentrations did not affect the I /Ca
ratios at all. Thus, it was proposed that iodate is partially sub-
stituting the carbonate ions in the calcite lattice. Since the
I− / IO−3 system has a reduction potential which is close to
that of O2 /H2O, it should be highly sensitive to oxygen de-
pletion in the oceans (Rue et al., 1997; Harris, 2006; Brewer
and Peltzer, 2009, Lu et al., 2010). In the Arabian Sea OMZ,
I− concentration peaks in the core OMZ, where oxygen is
most depleted (Farrenkopf and Luther, 2002). The latitudinal
distribution of IO−3 in the Atlantic shows a trend to higher
concentrations at high latitudes and generally lower concen-
trations closer to the Equator (Truesdale et al., 2000). Lu et
al. (2010) suggested that these trends are correlated with the
different oxygen solubilities at different temperatures and,
thus, that the IO−3 concentrations in the Atlantic are directly
correlated with the oxygen concentrations. Indeed, at higher
latitudes in the Atlantic, IO−3 can reach the concentration of
the total iodine at high latitudes, while IO−3 concentrations
may drop during an extreme hypoxic event in the Benguela
upwelling system (Truesdale et al., 2000; Truesdale and Bai-
ley, 2000). The I− peaks in the core of the Arabian Sea OMZ
can reach the total iodine concentrations, suggesting a quan-
titative reduction of IO−3 to I− (Farrenkopf and Luther, 2002).
Furthermore, the I /Ca ratios decrease in bulk carbonates
and belemnites from the early Toarcian and Cenomanian–
Turonian oceanic anoxic events (OAEs), interpreted as a de-
pletion of IO−3 due to the strongly reducing conditions during
those time intervals (Lu et al., 2010). All these results imply
that I /Ca ratios in marine carbonates might be a valuable
proxy for oxygen concentrations in the ancient ocean.
In our study, we determined the I /Ca ratios in four dif-
ferent benthic foraminiferal species from the Peruvian OMZ
with inductively coupled plasma mass spectrometry (ICP-
MS). The samples included two shallow infaunal and two
epifaunal living species, of which three form calcitic (Uvige-
rina striata, Uvigerina peregrina, Planulina limbata) and
one aragonitic (Hoeglundina elegans) tests. Cleaning pro-
tocols were modified after Barker et al. (2003) and Lu et
al. (2010) to customise the I /Ca analyses to small amounts
of foraminiferal carbonate. The main changes to standard
cleaning protocols for foraminifera were the use of PFA in-
stead of PE microcentrifuge vials and the application of more
rigorous oxidative cleaning to avoid contamination by organ-
ically bound iodine. The measured I /Ca ratios are then cor-
related with bottom water oxygen concentrations [O2]BW for
the calibration of I /Ca ratios in benthic foraminiferal calcite
as a possible palaeo-oxygen proxy. Infaunal foraminiferal
species are able to migrate into the pore waters. Oxygen in
the pore waters is consumed by the diagenesis of organic
matter (Froelich et al., 1979), which might complicate quan-
titative O2 reconstruction through infaunal species. Never-
theless, bottom water oxygenation usually has a strong influ-
ence on the oxygen gradient and penetration depth into the
pore waters (Morford et al., 2005), which also justifies the
use of the infaunal foraminiferal species for this study.
2 Material and methods
2.1 Sampling procedure
During RV Meteor cruises M77/1 and M77/2 (October and
November 2008), nine sediment cores from the Peruvian
OMZ were recovered with a video-guided multiple corer for
foraminiferal analyses in the present study (Table 1). The
coring tubes were of a 100 mm inner diameter. Immediately
after retrieval, one multicorer tube was transferred to a con-
stant temperature (4 ◦C) laboratory. Supernatant water of the
core was carefully removed. The core was then gently pushed
out of the multicorer tube and cut into 10 mm thick slices for
benthic foraminiferal analysis. The samples were transferred
either to Whirl-Pak™ plastic bags or plastic bottles, trans-
ported at a temperature of 4 ◦C, and finally stored at 4 ◦C
at GEOMAR, Kiel, Germany.
2.2 Foraminiferal studies
The foraminiferal samples were washed through stacked
sieves with mesh sizes of 63 µm. The > 63 µm size frac-
tions were collected in ethanol to prevent samples from
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Table 1. Sampling sites. [O2]BW in bold numbers are taken from Glock et al. (2011). [O2]BW for station M77/1-406/MUC-06 is taken from
the CTD profile from station M77/1-392/CTD-RO-4. [O2]BW for station M77/2 St. 47-3 is taken from the CTD profile from station M77/2
St. 47-1 – CTD-19 (Krahmann, 2012). [O2]BW in italic numbers indicates that this value was intrapolated from the closest CTD profiles
available.
Site Longitude (W) Latitude (S) Water [O2]BW
depth (m) (µmolL−1)
M77/1-406/MUC-06 71◦52.40′ 17◦28.00′ 492 25.2
M77/1-455/MUC-21 78◦19.23′ 11◦00.00′ 465 2.4
M77/1-487/MUC-39 78◦23.17′ 11◦00.00′ 579 3.7
M77/1-565/MUC-60 78◦21.40′ 11◦08.00′ 640 8.2
M77/1-604/MUC-74 78◦22.42′ 11◦17.96′ 878 34.2
M77/1-516/MUC-40 78◦20.00′ 11◦00.00′ 512 2.4
M77/1-459/MUC-25 78◦25.60′ 11◦00.03′ 697 12.6
M77/1 553/MUC-54 78◦54.70′ 10◦26.38′ 521 3.0
M77/2 St. 47-3 80◦31.36′ 07◦52.01′ 625 8.1
Figure 1. Photographs of the foraminiferal species used in this
study. (a) Uvigerina striata, (b) Uvigerina peregrina, (c) Planulina
limbata, (d) Hoeglundina elegans.
dissolution, and dried at 50 ◦C. They were further subdi-
vided into grain-size fractions of 63–125, 125–250, 250–
315, 315–355, 355–400, and> 400 µm. Specimens of Uvige-
rina striata, Uvigerina peregrina, Planulina limbata and
Hoeglundina elegans were picked from the > 400 µm size
fractions. Light micrographs of the different species were
recorded with a miniPixie MPX2051UC CCD camera (AOS
Technologies™) through objectives 1-6233 and 1-6010 of
the Navitar™ company. Because all individuals of Uvige-
rina peregrina from the core top have been consumed during
chemical digestion for later analyses of I /Ca ratios, the in-
dividual for the light micrograph was picked from a random
deeper sample (27–28 cm) of core M77/2 St. 47-3. Pictures
of all species are shown in Fig. 1. The species U. striata and
U. peregrina live shallow infaunal within the sediments in a
pore water dominated environment, while P. limbata and H.
elegans live epifaunal on top of the sediments in a bottom
water dominated environment.
2.3 Cleaning methods
The number of specimens used for the analyses varied from
6 to 25 as a function of the species and the availability of
specimens in the sample (see Table 2). The tests were gently
crushed between two glass plates. The test fragments were
transferred into PFA microcentrifuge vials and rinsed three
times with reverse osmosis water (ROW) having a conductiv-
ity of 0.055 µS cm−1 (Elga™ PURELAB Ultra). After each
rinsing step, the vials were put into a ultrasonic bath for 20 s.
Afterwards, the vials were rinsed three times with ethanol
and put into the supersonic bath for 1 min after each rins-
ing step. The vials were rinsed again two times with ROW
to remove residual ethanol. An oxidative reagent was freshly
mixed by adding 100 µL 30 % H2O2 to 10 mL of a 0.1 M
NaOH (p.a., Roth™) solution. Subsequently, 350 µL of this
reagent were added to each vial. The vials were put into a
water bath at 92 ◦C for 15 min. During the oxidative clean-
ing, samples were taken out of the water bath at 5 min in-
tervals, and gas bubbles were removed by snapping against
the bottom of the vials. After three 5 min intervals, the vials
were rinsed with ROW, and another 350 µL of the fresh ox-
idative reagent were added. The oxidative cleaning step was
repeated for another 15 min (including the removal of air
bubbles at 5 min intervals). After another 20 s in the ultra-
sonic bath, the vials were rinsed two times with ROW to re-
move residues of the oxidative reagent. The test fragments
were transferred into clean vials with a pipette. Into each
vial, 250 µL 0.001 M HNO3 (suprapure, Roth™) were added.
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Table 2. Details for analysed foraminiferal samples. Note that TMAH was added after transfer of the centrifuged dissolved sample into
a clean vial. Thus, the volume of 0.0075 M HNO3 is reduced by 50 µL when TMAH is added (see text in Sect. 2).
Sample Sample Species Number of Volume of Volume of TMAH
name location specimens 0.075 M HNO3 for added after
dissolution (µL) dissolution (µL)
A1 566/MUC-59 U. striata 20 550 9
A2 566/MUC-59 U. striata 20 550 9
A3 566/MUC-59 U. striata 20 550 9
A4 566/MUC-59 U. striata 20 550 9
A5 566/MUC-59 P. limbata 6 400 7
A6 566/MUC-59 P. limbata 6 400 7
A7 566/MUC-59 P. limbata 6 400 7
A8 566/MUC-59 P. limbata 6 400 7
A9 566/MUC-59 U. striata 20 450 8
A10 566/MUC-59 P. limbata 10 450 8
B1 487/MUC-38 U. striata 15 550 9
B2 487/MUC-38 U. striata 15 450 8
B3 487/MUC-38 U. striata 15 450 8
B4 487/MUC-38 P. limbata 6 400 7
B5 487/MUC-38 P. limbata 6 400 7
B6 487/MUC-38 P. limbata 6 350 6
B7 487/MUC-38 H. elegans 11 400 7
B8 487/MUC-38 H. elegans 10 550 9
C1 455/MUC-21 U. striata 15 400 7
C2 455/MUC-21 U. striata 15 450 8
C3 455/MUC-21 H. elegans 10 550 9
C4 455/MUC-21 H. elegans 15 550 9
D1 553/MUC-54 P. limbata 6 350 6
E1 406/MUC- P. limbata 6 350 6
F1 M77-2 47-3 U. striata 15 450 8
G1 516/MUC-40 U. striata 15 450 8
H1 459/MUC-25 U. peregrina 15 450 8
H2 459/MUC-25 U. striata 10 400 7
J1 604/MUC-74 U. peregrina 9 400 7
J2 604/MUC-74 H. elegans 10 450 8
The vials were put into the ultrasonic bath for 20 s. The ex-
tremely dilute acid solution was removed, and the vials were
rinsed three times with ROW. The samples were dissolved
in 0.075 M HNO3 (suprapure, Roth™), centrifuged and su-
pernatant transferred into clean vials, leaving a residue of
50 µL in the centrifuge vial. Afterwards tetramethylammoni-
umhydroxide (TMAH, 25 % in H2O, TraceSELECT, impuri-
ties≤ 10 µg kg−1 total iodine, Sigma Aldrich™) solution was
added to each sample to reduce loss of volatile I. The volume
of 0.075 M HNO3 for dissolution and TMAH varied due to
the different sample sizes (see Table 2). During each cleaning
session, 1–3 blank samples without foraminifera passed all
cleaning steps to correct for the complete procedural blank
after the analyses.
2.4 Matrix matching carbonate standards
Three different carbonate standards were used to ensure re-
producibility between different analytical sessions. These
standards included the external aragonitic coral reference
material JCp-1 (I /Ca ratios reported by Lu et al., 2010; Chai
and Muramatsu, 2007), a lab-internal pure aragonite and lab-
internal pure calcite standard. These three references were
chosen to test the reproducibility of relative differences in
the I /Ca ratios for each measurement session. Furthermore,
they cover a broad range of I /Ca ratios (e.g. high in the
JCp-1 and very low in the reference calcite). Before analy-
ses on each measurement day, fresh reference standard solu-
tions were prepared from the solid powders to minimise loss
of volatile iodine. Usually, 20 mL of 50 ppm Ca solutions
were mixed by 2.5 mg carbonate, 400 µL of 25 % TMAH,
150 µL concentrated HNO3 and 19.45 mL ROW. In some
cases, 100 mL solutions were prepared using 5 times these
amounts.
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Table 3. Operation conditions for Agilent 7500cx.
Value/description
RF power 1500 W
Nebuliser PFA (100 µL min−1, self aspirating)
Spray chamber Glass (cooled to 2 ◦C)
Autosampler Cetac ASX 100
Uptake rate (µLmin−1) 100
Washout time(s) beaker 1 60
Washout time(s) beaker 2 120
Uptake time(s) 40
Stabilisation time(s) 40
Argon plasma gas flow rate (Lmin−1) 14
Argon auxiliary gas flow rate (Lmin−1) 0.23
Argon nebuliser gas flow rate (Lmin−1) 0.93
Sample cone Nickel (Agilent)
Skimmer cone Nickel
CeO/Ce and Ba2+/Ba+ ratios < 2.5 %
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Figure 2. Comparison of all I /Ca measurements on the untreated
JCp-1 and an aliquot of the same standard homogenised using a
mortar. The mean precision for a single analysis for the aragonitic
reference standards in this study was 1σmean = 1.5 % (n= 236).
2.5 Quadrupole ICP-MS analyses
The analyses were performed on an Agilent 7500cx
Quadrupole ICP-MS. Operation conditions are listed in Ta-
ble 3. Instrument sensitivity was optimised by using a 1 ppb
Li–Y–Tl–Ce–Mg–Co standard solution before the measure-
ments. For sample introduction, a micro-autosampler (Cetac
ASX 100) coupled to a PFA self-aspiration nebuliser fitted
to a glass spray chamber was used. Due to the small avail-
able sample volume (typically< 500 µL), the low sample up-
take rate of the self-aspirating system was an important fea-
ture during the analyses. The integration times were 0.3 s for
43Ca, 0.3 s for 44Ca and 6.0 s for 127I, with five repetition
runs.
For the preparation of the standards, 170 mg solid KIO3
(suprapur, Sigma Aldrich™) were dissolved in 97.25 mL
ROW, 2 mL of 25 % TMAH and 0.75 mL conc. HNO3
(1000 ppm of iodine). Furthermore, a 1000 ppm Ca solu-
tion was prepared by dissolving 250 mg solid CaCO3 (supra-
pur, Sigma Aldrich™) in 99.25 mL ROW and 0.75 mL conc.
HNO3. Solid CaCO3 was used for the closest matching of the
sample matrix. These solutions were used to prepare a suc-
cession of working standards via three steps of pre-dilution.
Concentrations for standards and pre-dilutions are given in
Table 4. Again, on each day, all these solutions were pre-
pared freshly before the analyses. The working standards
were prepared directly in the vials, which were later used for
sample injection. Samples were analysed directly after the
cleaning procedure to prevent loss of volatile iodine even af-
ter trapping with TMAH. For the analyses, samples were di-
luted to ∼ 50 ppm Ca to keep the matrix consistent. Samples
were diluted with a matrix matching solution prepared from
19.45 mL ROW, 400 µL of 25 % TMAH and 150 µL conc.
HNO3 (e.g. 0.5 % TMAH/0.5 % HNO3). The standard row
was measured at least after every 10 samples to correct for
instrumental drift. The I /Ca ratio of the internal calcite ref-
erence standard was below the detection limit in every mea-
surement session (n= 70). This indicates that the procedural
blank for preparation of the standard solutions was also be-
low the detection limit.
3 Results
3.1 Reproducibility
All determined I /Ca ratios are reported in the Ap-
pendix (Appendix Tables A1 and A2). Summaries of
mean values for the different reference standards and
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Table 4. Element concentrations and volumes of different pre-dilutions for the different standard rows used for ICP-MS.
Standard or Ca Iodine H2O 25 % TMAH Conc. 1000 ppm Iodine Concentration of
dilution (ppm) (ROW) (mL) (µL) HNO3 Ca (µL) pre-dilution used iodine
(µL) (µL) pre-dilution
5 ppm I 0 5 ppm 19.35 400 150 0 100 1000 ppm
50 ppb I 0 50 ppb 19.25 400 150 0 200 5 ppm
5 ppb I 0 5 ppb 17.50 360 135 0 2000 50 ppb
Standard 0 50 0 ppt 3.68 80 29.2 200 0 –
Standard 1 50 25 ppt 3.67 79.6 29.0 200 20 5 ppb
Standard 2 50 50 ppt 3.64 79.2 28.9 200 40 5 ppb
Standard 3 50 125 ppt 3.59 78.0 28.4 200 100 5 ppb
Standard 4 50 250 ppt 3.50 76.0 27.7 200 200 5 ppb
Standard 5 50 500 ppt 3.30 72.0 26.2 200 400 5 ppb
Standard 6 50 1000 ppt 2.91 64.0 23.2 200 800 5 ppb
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Figure 3. Mean I /Ca ratios, number of measurements (n) and er-
rors (1 SD) for the carbonate reference standards and 5 different
samples of 20 U. striata specimens from the same location (M77-1-
565/MUC-60).
foraminiferal samples of the same species and sampling
site are listed in Table 5. Figure 2 shows a compari-
son of I /Ca ratios measured in an aliquot of untreated
JCp-1 and an aliquot of the same JCp-1 standard ho-
mogenised in a mortar. The reproducibility of the ho-
mogenised JCp-1 (3.82± 0.08 µmol mol−1; n= 60; 1σ =
2.0 %) was 1 order of magnitude higher than in the un-
treated aliquot (I /Ca= 4.05± 0.96 µmol mol−1; n= 100;
1σ = 24 %). These results strongly indicate inhomogeneities
within the JCp-1 with respect to the I /Ca ratios. As a conse-
quence of these results, only homogenised aliquots are used
as reference standards in this study.
During each measurement session, I /Ca ratios of freshly
prepared solutions of the reference standards (the external
JCp-1, the internal aragonite and the calcite) were repeat-
edly measured to ensure the reproducibility of the method
between different days. Additionally, every day, I /Ca ra-
tios of one (in one case two) sample(s) of 25 U. stri-
ata specimens from the same sampling location (M77-1
565/MUC-60) were measured (Fig. 3). The I /Ca ratios were
3.82± 0.08 µmol mol−1 (n= 60; 1σ = 2.0 %) for the JCp-1,
2.59± 0.09 µmol mol−1 (n= 52; 1σ = 3.5 %) for the arago-
nite and 0.54± 0.04 µmol mol−1 (n= 28; 5 different assem-
blages of 25 specimens each; 1σ = 6.6 %) for the internal
U. striata reference samples. The mean precision for sin-
gle I /Ca determinations for these standards (including the
standard deviations of I and Ca counts between the different
measurement cycles and the error of the calibration function)
ranged from ∼ 1.29 % (n= 60) for the JCp-1 to ∼ 2.15 %
(n= 28) for the U. striata samples.
3.2 Volatility of iodine
Six different foraminiferal samples from three different
species were measured directly after the cleaning procedure
and 1 day after dissolution to test the effects of iodine volatil-
ity on the measured I /Ca ratios (Fig. 4). For this, the sam-
ples were stored in PFA microcentrifuge vials after dissolu-
tion. All samples show lower I /Ca ratios 1 day after disso-
lution, except for one measurement of sample A1, where the
I /Ca ratio was slightly higher than the directly measured
samples. The exceptionally high standard deviation of this
value (18 %) and Grubb’s outlier test indicate that this data
point is an outlier. The mean iodine loss after 1 day varied
between ∼6 % and ∼22 % (excluding the outlier).
3.3 Correlation between foraminiferal I /Ca ratios
and oxygenation
The correlations between the I /Ca ratios in tests of four dif-
ferent benthic foraminiferal species and [O2]BW are shown
in Fig. 5. The I /Ca in all species tends to be positively
correlated with [O2]BW. The correlation is highly significant
(P < 0.0001; ANOVA) for U. striata, significant for P. lim-
bata (P = 0.009; ANOVA), but not significant for H. elegans
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Table 5. Mean I /Ca ratios, number of measurements (n) and errors for the reference standards and foraminiferal samples at the different
sampling sites. The variability represents the standard deviation between all measurements of the sample/standard.
Standard/ Sampling n I /Ca Variability Mean precision 1σ of mean
species site (µmolmol−1) (1σ ) for single precision
measurement (1 SD)
Calcite 70 n.d. – – –
Aragonite 70 2.59 3.22 % 1.56 % 0.92 %
JCp-1 (no treatment) 100 4.05 23.80 % 1.51 % 0.62 %
JCp-1 (homogenised) 60 3.82 1.97 % 1.29 % 0.53 %
U. striata M77-1 565/MUC-59 28 0.54 6.56 % 2.15 % 0.92 %
U. striata M77-1 487/MUC-38 12 0.43 6.86 % 2.51 % 0.60 %
U. striata M77-1 455/MUC-21 6 0.32 7.19 % 4.09 % 0.85 %
U. striata M77-2 47-3 1 0.41 – 4.47 % –
U. striata M77-1 516/MUC-40 1 0.57 – 3.13 % –
U. striata M77-1 459/MUC-25 1 0.91 – 2.35 % –
P. limbata M77-1 565/MUC-59 8 1.22 6.84 % 2.07 % 0.50 %
P. limbata M77-1 487/MUC-38 5 1.32 22.80 % 1.67 % 0.40 %
P. limbata M77-1 553/MUC-54 1 1.34 – 1.99 % –
P. limbata M77-1 406/MUC-06 1 2.20 – 1.28 % –
H. elegans M77-1 487/MUC-38 9 0.13 4.89 % 6.34 % 1.91 %
H. elegans M77-1 455/MUC-21 8 0.19 34.57 % 6.78 % 3.36 %
H. elegans M77-1 604/MUC-74 1 0.29 – 5.87 % –
U. peregrina M77-1 604/MUC-74 1 0.40 – 4.87 % –
U. peregrina M77-1 459/MUC-25 1 0.48 – 3.55 % –
(P = 0.1000; ANOVA). The epifaunal species P. limbata
shows the highest I /Ca ratios (1.03–2.20 µmol mol−1), fol-
lowed by the shallow infaunal species U. striata (0.28–
0.91 µmol mol−1). The epifaunal aragonitic species H. el-
egans has the lowest I /Ca ratios (0.12–0.31 µmol mol−1).
The I /Ca ratio of U. peregrina is much lower than the
I /Ca ratio of U. striata from the same sampling site
(0.39 µmol mol−1 compared to 0.91 µmol mol−1; M77/1-
459/MUC-25; 697 m). Neither regression nor ANOVA was
calculated for U. peregrina, due to the low number of data
points (n= 2).
4 Discussion
4.1 Methodical issues: reproducibility and
iodine volatility
The significant differences in the reproducibility of the I /Ca
ratio of untreated versus homogenised JCp-1 aliquots (Fig. 2)
indicate that heterogeneities may have a huge impact on the
precision of the iodine measurements. Even within one ses-
sion by measuring the same solution out of the same beaker,
the I /Ca ratio of the untreated JCp-1 is reproducible only
within 24 %. The I /Ca reproducibility of the homogenised
JCp-1 (n= 60; 1σ = 2.0 %) is of the same order of mag-
nitude as reported earlier by Lu et al. (2010): n= 8; 1σ =
1.4 %; Chai and Muramatsu, 2007: n= 5; 1σ = 3.7 %. Apart
from that, there are problems with the accuracy of the stan-
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Figure 4. Comparison of I /Ca ratios measured in seven different
samples directly after dissolution (diamonds) and 1 day after disso-
lution (triangles). Iodine volatility appears to have a strong influence
on the samples within 1 day. For sample specification, see Table 2.
The mean precision for the foraminiferal analyses in this study was
species dependent: 1σmean = 3.2 % (U. striata n= 65), 4.21 % (U.
peregrina n= 2), 2.0 % (P. limbata n= 18) and 7.4 % (H. elegans
n= 29).
dards, because the I /Ca ratio of the homogenised JCp-
1 reported here (3.82± 0.08 µmol mol−1) is lower than the
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Significances were calculated with an ANOVA. The dashed line is just for orientation, because no correlation could be calculated with only
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I /Ca ratios of the JCp-1 reported in the literature (Lu et al.,
2010: 4.27± 0.06 µmol mol−1; Chai and Muramatsu, 2007:
4.33± 0.16 µmol mol−1). A possible explanation might be
that volatile iodine adsorbed to the surface of the JCp-1 pow-
der has been mobilised and removed during the grinding
process, since the mean I /Ca ratio of the untreated JCp-1
aliquot is closer to the values reported in the literature. An-
other possibility is that different aliquots of the JCp-1 which
show a difference in the I /Ca ratios have been used in dif-
ferent labs. Nevertheless, the reproducibility of all our car-
bonate reference standards (except for the JCp-1 before ho-
mogenisation) indicates that drift effects are negligible be-
tween the different measurement sessions.
Iodine is a volatile element which could be stabilised
by adding TMAH, which also reduces the memory effect
during ICP-MS measurement (Muramatsu and Wedepohl,
1998; Tagami and Uchida, 2005; Lu et al., 2010). The fact
that we observe a strong decrease in the I /Ca ratios af-
ter 1 day of sample dissolution supports the requirement
of an immediate measurement directly after sample disso-
lution. Although a similar matrix was used for the samples
after dissolution (e.g. 0.5 % TMAH), the results presented
here differ from the observations of Lu et al. (2010). The
author tested the iodine volatility in such a matrix over 2
months, did not observe a strong loss in iodine after 30
days, and concluded that iodine loss within 2 days should
be negligible. Despite the volatility problem, the very re-
producible I /Ca ratio in five different samples of 25 U.
striata specimens (I /Ca= 0.54± 0.04 µmol mol−1; 1σ =
6.6 %) from the same location (M77-1 565/MUC-60) which
were cleaned, dissolved and measured in four different ses-
sions (on four different days) shows that the results are ro-
bust, providing that samples are measured within 2 h after
dissolution.
4.2 Foraminiferal I /Ca ratios as a redox proxy
Our results indicate that I /Ca ratios in benthic foraminifera
might prove to be a valuable proxy for oxygen in the adjacent
waters. This is supported by the observation that all analysed
species show a positive correlation for the I /Ca–[O2]BW
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relationship. For two of three species, the correlations are
significant (one even highly significant). Only the aragonitic
species H. elegans shows no significant correlation. The fact
that P. limbata, which lives epifaunal, shows much higher
I /Ca ratios than the other two calcitic infaunal species also
supports the trend of higher I /Ca ratios under elevated
oxygenation: oxygen concentrations are typically higher in
the bottom waters compared to the pore waters. In general,
our results support and confirm the earlier observations and
conclusions of Lu et al. (2010). Furthermore, the variabil-
ity of foraminiferal I /Ca ratios by location (e.g. [O2]BW)
or species is much higher than the uncertainties discussed
in Sect. 4.1, which indicates that the trends in the I /Ca–
[O2]BW relationships are robust with respect to the technical
issues.
Nevertheless, there are some pitfalls which must be con-
sidered in this discussion. The importance of methodological
issues has been discussed separately above. Another impor-
tant point is the high variability of I /Ca ratios between dif-
ferent samples of the same location in some species, which
is further amplified by analytical uncertainties. The amount
of foraminifera available for analysis is often limited in geo-
logical samples. Thus, if monospecific samples are analysed,
the number is often limited to one sample. Additionally, the
number of measurements of such a sample is limited by the
volume of sample solution consumed by the mass spectrom-
eter and the circumstance that a constant concentration of
50 ppm Ca is needed to minimise matrix-related drifts and to
consider enough iodine for the analyses. Consequently, some
samples are limited to one analysis.
Furthermore, the fact that we observe a strong species de-
pendency of the I /Ca ratio accentuates this problem, be-
cause the use of bulk species samples which would provide
enough material for a sufficient number of analyses might
influence the results. The I /Ca ratio of U. striata is twice
as high when compared to U. peregrina from the same loca-
tion. Both species live shallow infaunal, belong to the same
genus, and in general have similar morphologies. This dif-
ference might either be related to a strong vital effect or to
a species-dependent difference in calcification depths. Oxy-
gen gradients in the pore waters of a comparable OMZ off
Pakistan are quite steep under suboxic conditions (Bogus et
al., 2012), and IO−3 probably follows this gradient. Thus, a
difference in calcification depth might have a severe influ-
ence on the I /Ca ratio. These results suggest that a careful
distinction of the analysed species is essential for the appli-
cation of this proxy, at least for the infaunal species. Never-
theless, since the species dependency of I /Ca ratios appears
to be higher than the oxygenation dependency, bulk analy-
ses might provide information about oxygenation in a differ-
ent way: the species composition of a foraminiferal assem-
blage is often oxygen dependent (Bernhard, 1986; Sen Gupta
and Machain-Castello, 1993; Bernhard and Sen Gupta, 1999;
Mallon et al., 2012). Thus, bulk I /Ca ratios might be domi-
nated by the species composition, which is affected by oxy-
gen availability.
Furthermore, the variability of samples from the same lo-
cation seems also to be strongly species dependent. The epi-
faunal species P. limbata has a much higher variability in
the I /Ca ratio (22.80 %) than the infaunal species U. stri-
ata (6.68 %) from the same location (M77-1-487/MUC-38;
see Table 5). This is unexpected, because infaunal species
are supposed to migrate vertically in the sediment column
following the chemical gradients (especially oxygen penetra-
tion) in the surrounding pore waters strongly varying within
a few millimetres. According to the TROX model, the liv-
ing depth of infaunal benthic foraminifera is controlled by
the availability of food (e.g. organic matter) and the oxygen
penetration depth (Jorisson et al., 1995). In a eutrophic en-
vironment like the Peruvian OMZ, where organic matter is
available in excess, the living depth is mostly controlled by
oxygen availability (Mallon et al., 2012). On the contrary, the
epifaunal species do not have the possibility of migrating into
the pore waters, and are directly exposed to changing bottom
water conditions, while the infaunal species might compen-
sate for changing conditions by migration. It is also possible
that the smaller numbers of specimens in the analysed assem-
blages (6 for P. limbata, 10–20 for U. striata) might explain
the difference. The inter-test variability of Mg /Ca ratios for
example can be very high within one sample (Sadekov et
al., 2008). Thus, the uncertainty of palaeotemperature es-
timates using Mg /Ca ratios can be decreased by using a
higher number of specimens for each analysis (Anand and
Elderfield, 2005). In general, due to the steep chemical gra-
dients in the pore waters mentioned above, epifaunal species
might be more suitable for oxygen reconstructions, because
they should directly represent bottom water conditions not
influenced by the microhabitat in the pore waters. Neverthe-
less, this might require the use of a higher number of spec-
imens for the I /Ca analyses to reduce uncertainties due to
inter-test variability, which again would require more sam-
pling material. The strong inter-test variability might indeed
be related to real changes in oxygenation of the habitat, since
there are strong seasonal fluctuations in the magnitude of the
OMZ (Paulmier and Ruiz-Pino, 2009). Regarding these is-
sues, samples have to be carefully prepared and measured, or
foraminiferal I /Ca ratios might be considered more a quali-
tative to semiquantitative proxy at this stage.
Finally, the aragonitic epifaunal species H. elegans shows
no significant I /Ca–[O2]BW correlation. Additionally, this
species has the lowest I /Ca ratios, although it lives epifaunal
and has aragonitic tests (all our aragonite standards showed
much higher I /Ca ratios than all the calcite samples anal-
ysed). Dissolution and recrystallisation of metastable arag-
onite can already occur during the earliest sedimentation
stages, as shown by studies in the Bahama Banks (Hover et
al., 2001; Rosenthal et al., 2006). Thus, although the anal-
ysed H. elegans specimens originate from recent core top
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samples, they might already be influenced by diagenesis; re-
crystallised test portions may have altered I /Ca ratios.
5 Summary and conclusions
We provide cleaning protocols and a method to measure
I /Ca ratios in benthic foraminifera. Due to its volatility, io-
dine is lost in measurable amounts already 1 day after dis-
solution, although TMAH was used to trap the iodine. Nev-
ertheless, our results show that this effect is negligible if the
samples are measured within 2 h after dissolution. The I /Ca
ratios of different Uvigerina striata samples from the same
location and two different aragonitic coral standards are well
reproducible in different measurement sessions, given that
the samples are measured within 2 h after dissolution (JCp-
1: n= 60; 1σ = 2.0 %; lab-internal aragonitic coral standard:
n= 52; 1σ = 3.5 %; U. striata: n= 28, 1σ = 6.6 %). Thus,
the measurement of the samples within a short time after dis-
solution is essential.
There is a strong inter-species variability of I /Ca ratios
in two infaunal species from the same location, which indi-
cates either a strong vital effect or slight species-dependent
differences in the calcification depth of these species. All
analysed species show a trend of positive I /Ca correla-
tions with [O2]BW. This correlation is significant for two
calcitic species (even highly significant for U. striata), and
not significant for the aragonitic species Hoeglundina el-
egans, which shows relatively low I /Ca ratios in gen-
eral. The most promising of the analysed species is U.
striata (I /Ca= 0.0324(±0.004)× [O2]BW+0.285(±0.026),
R2= 0.608, F = 75.38, P < 0.0001). This is surprising,
since U. striata is living infaunal, and thus migrates verti-
cally in the sediment column, undergoing a variety of oxygen
and thus IO−3 concentrations over its lifetime. When samples
are carefully prepared and measured, accounting for the pit-
falls outlined here, the resulting I /Ca ratios from benthic
foraminifera are considered to be a promising proxy for re-
dox conditions in the ambient water mass.
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Appendix A
Table A1. I /Ca ratios and precisions for the single measurements of the internal reference standards. All measurements for the internal
calcite reference standard (n= 70) were below the detection limit, and are not listed in this table.
Reference standard I /Ca (µmol mol−1) Precision (1σ ) Date of measurement
Aragonite 2.42 1.63 % 19 Nov 2013
Aragonite 2.40 1.53 % 19 Nov 2013
Aragonite 2.44 2.00 % 19 Nov 2013
Aragonite 2.43 1.00 % 19 Nov 2013
Aragonite 2.45 1.38 % 19 Nov 2013
Aragonite 2.44 1.30 % 19 Nov 2013
Aragonite 2.47 1.75 % 19 Nov 2013
Aragonite 2.46 1.08 % 19 Nov 2013
Aragonite 2.64 1.02 % 20 Nov 2013
Aragonite 2.66 1.13 % 20 Nov 2013
Aragonite 2.58 1.43 % 20 Nov 2013
Aragonite 2.57 1.04 % 20 Nov 2013
Aragonite 2.54 1.61 % 20 Nov 2013
Aragonite 2.56 1.53 % 20 Nov 2013
Aragonite 2.57 1.68 % 20 Nov 2013
Aragonite 2.57 1.63 % 20 Nov 2013
Aragonite 2.54 1.36 % 20 Nov 2013
Aragonite 2.55 1.37 % 20 Nov 2013
Aragonite 2.53 1.86 % 20 Nov 2013
Aragonite 2.56 1.40 % 20 Nov 2013
Aragonite 2.60 1.23 % 20 Nov 2013
Aragonite 2.62 1.28 % 20 Nov 2013
Aragonite 2.65 1.05 % 21 Nov 2013
Aragonite 2.62 0.90 % 21 Nov 2013
Aragonite 2.52 0.91 % 21 Nov 2013
Aragonite 2.54 1.01 % 21 Nov 2013
Aragonite 2.44 1.97 % 21 Nov 2013
Aragonite 2.52 1.68 % 21 Nov 2013
Aragonite 2.58 1.59 % 21 Nov 2013
Aragonite 2.55 1.36 % 21 Nov 2013
Aragonite 2.48 1.37 % 21 Nov 2013
Aragonite 2.50 2.09 % 21 Nov 2013
Aragonite 2.56 2.28 % 21 Nov 2013
Aragonite 2.58 2.42 % 21 Nov 2013
Aragonite 2.63 2.10 % 21 Nov 2013
Aragonite 2.63 2.26 % 21 Nov 2013
Aragonite 2.60 1.33 % 21 Nov 2013
Aragonite 2.58 1.06 % 21 Nov 2013
Aragonite 2.59 1.70 % 22 Nov 2013
Aragonite 2.59 1.22 % 22 Nov 2013
Aragonite 2.60 1.15 % 22 Nov 2013
Aragonite 2.57 1.29 % 22 Nov 2013
Aragonite 2.57 1.46 % 22 Nov 2013
Aragonite 2.57 1.26 % 22 Nov 2013
Aragonite 2.51 8.35 % 22 Nov 2013
Aragonite 2.62 1.55 % 22 Nov 2013
Aragonite 2.70 1.26 % 22 Nov 2013
Aragonite 2.71 1.25 % 22 Nov 2013
Aragonite 2.65 1.51 % 22 Nov 2013
Aragonite 2.67 1.20 % 22 Nov 2013
Aragonite 2.65 1.49 % 22 Nov 2013
Aragonite 2.63 1.26 % 22 Nov 2013
Aragonite 2.63 1.35 % 22 Nov 2013
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Table A1. Continued.
Reference standard I /Ca (µmolmol−1) Precision (1σ ) Date of measurement
Aragonite 2.63 0.94 % 22 Nov 2013
Aragonite 2.72 1.03 % 25 Nov 2013
Aragonite 2.76 1.29 % 25 Nov 2013
Aragonite 2.70 1.75 % 25 Nov 2013
Aragonite 2.69 1.20 % 25 Nov 2013
Aragonite 2.71 1.67 % 25 Nov 2013
Aragonite 2.61 1.41 % 25 Nov 2013
Aragonite 2.65 1.26 % 25 Nov 2013
Aragonite 2.68 0.76 % 25 Nov 2013
Aragonite 2.64 1.13 % 25 Nov 2013
Aragonite 2.73 1.72 % 25 Nov 2013
Aragonite 2.65 1.09 % 25 Nov 2013
Aragonite 2.67 1.18 % 25 Nov 2013
Aragonite 2.66 2.26 % 25 Nov 2013
Aragonite 2.70 2.28 % 25 Nov 2013
Aragonite 2.63 2.63 % 25 Nov 2013
Aragonite 2.66 1.53 % 25 Nov 2013
JCp-1 (no treatment) 2.42 0.80 % 15 Nov 2013
JCp-1 (no treatment) 2.40 3.25 % 15 Nov 2013
JCp-1 (no treatment) 2.44 0.69 % 15 Nov 2013
JCp-1 (no treatment) 2.43 1.90 % 15 Nov 2013
JCp-1 (no treatment) 2.45 1.81 % 15 Nov 2013
JCp-1 (no treatment) 2.44 0.70 % 15 Nov 2013
JCp-1 (no treatment) 2.47 1.24 % 15 Nov 2013
JCp-1 (no treatment) 2.46 1.01 % 15 Nov 2013
JCp-1 (no treatment) 2.64 1.77 % 15 Nov 2013
JCp-1 (no treatment) 2.66 3.51 % 15 Nov 2013
JCp-1 (no treatment) 2.58 1.69 % 15 Nov 2013
JCp-1 (no treatment) 2.57 1.46 % 15 Nov 2013
JCp-1 (no treatment) 2.54 1.54 % 15 Nov 2013
JCp-1 (no treatment) 2.56 1.38 % 15 Nov 2013
JCp-1 (no treatment) 2.57 1.52 % 15 Nov 2013
JCp-1 (no treatment) 2.57 1.74 % 15 Nov 2013
JCp-1 (no treatment) 2.54 1.46 % 15 Nov 2013
JCp-1 (no treatment) 2.55 1.16 % 15 Nov 2013
JCp-1 (no treatment) 2.53 0.82 % 15 Nov 2013
JCp-1 (no treatment) 2.56 1.04 % 15 Nov 2013
JCp-1 (no treatment) 2.60 1.41 % 15 Nov 2013
JCp-1 (no treatment) 2.62 1.03 % 15 Nov 2013
JCp-1 (no treatment) 2.65 1.70 % 15 Nov 2013
JCp-1 (no treatment) 2.62 1.03 % 15 Nov 2013
JCp-1 (no treatment) 2.52 1.35 % 15 Nov 2013
JCp-1 (no treatment) 2.54 1.59 % 15 Nov 2013
JCp-1 (no treatment) 2.44 1.60 % 15 Nov 2013
JCp-1 (no treatment) 2.52 1.61 % 15 Nov 2013
JCp-1 (no treatment) 2.58 1.77 % 15 Nov 2013
JCp-1 (no treatment) 2.55 2.82 % 15 Nov 2013
JCp-1 (no treatment) 2.48 1.46 % 18 Nov 2013
JCp-1 (no treatment) 2.50 0.81 % 18 Nov 2013
JCp-1 (no treatment) 2.56 1.39 % 18 Nov 2013
JCp-1 (no treatment) 2.58 1.31 % 18 Nov 2013
JCp-1 (no treatment) 2.63 1.43 % 18 Nov 2013
JCp-1 (no treatment) 2.63 1.34 % 18 Nov 2013
JCp-1 (no treatment) 2.60 1.76 % 18 Nov 2013
JCp-1 (no treatment) 2.58 1.36 % 18 Nov 2013
JCp-1 (no treatment) 2.59 1.97 % 18 Nov 2013
JCp-1 (no treatment) 2.59 1.68 % 18 Nov 2013
JCp-1 (no treatment) 2.60 1.64 % 18 Nov 2013
JCp-1 (no treatment) 2.57 1.52 % 18 Nov 2013
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Table A1. Continued.
Reference standard I /Ca (µmolmol−1) Precision (1σ ) Date of measurement
JCp-1 (no treatment) 2.57 2.07 % 18 Nov 2013
JCp-1 (no treatment) 2.57 1.13 % 18 Nov 2013
JCp-1 (no treatment) 2.51 1.44 % 18 Nov 2013
JCp-1 (no treatment) 2.62 1.29 % 18 Nov 2013
JCp-1 (no treatment) 2.70 2.16 % 18 Nov 2013
JCp-1 (no treatment) 2.71 2.38 % 18 Nov 2013
JCp-1 (no treatment) 2.65 0.74 % 19 Nov 2013
JCp-1 (no treatment) 2.67 1.54 % 19 Nov 2013
JCp-1 (no treatment) 2.65 3.46 % 19 Nov 2013
JCp-1 (no treatment) 2.63 1.52 % 19 Nov 2013
JCp-1 (no treatment) 2.63 1.06 % 19 Nov 2013
JCp-1 (no treatment) 2.63 1.45 % 19 Nov 2013
JCp-1 (no treatment) 2.72 1.14 % 19 Nov 2013
JCp-1 (no treatment) 2.76 1.21 % 19 Nov 2013
JCp-1 (no treatment) 2.70 1.75 % 19 Nov 2013
JCp-1 (no treatment) 2.69 1.59 % 19 Nov 2013
JCp-1 (no treatment) 2.71 0.99 % 19 Nov 2013
JCp-1 (no treatment) 2.61 0.87 % 19 Nov 2013
JCp-1 (no treatment) 2.65 1.34 % 19 Nov 2013
JCp-1 (no treatment) 2.68 1.36 % 19 Nov 2013
JCp-1 (no treatment) 2.64 0.95 % 19 Nov 2013
JCp-1 (no treatment) 2.73 1.96 % 19 Nov 2013
JCp-1 (no treatment) 2.65 1.33 % 19 Nov 2013
JCp-1 (no treatment) 2.67 1.61 % 19 Nov 2013
JCp-1 (no treatment) 2.66 1.14 % 20 Nov 2013
JCp-1 (no treatment) 2.70 0.79 % 20 Nov 2013
JCp-1 (no treatment) 2.63 1.25 % 20 Nov 2013
JCp-1 (no treatment) 2.66 1.84 % 20 Nov 2013
JCp-1 (no treatment) 4.29 1.47 % 20 Nov 2013
JCp-1 (no treatment) 12.67 1.10 % 20 Nov 2013
JCp-1 (no treatment) 5.32 1.09 % 20 Nov 2013
JCp-1 (no treatment) 5.17 1.75 % 20 Nov 2013
JCp-1 (no treatment) 5.18 1.40 % 20 Nov 2013
JCp-1 (no treatment) 4.20 1.04 % 20 Nov 2013
JCp-1 (no treatment) 4.41 1.35 % 20 Nov 2013
JCp-1 (no treatment) 4.43 1.61 % 20 Nov 2013
JCp-1 (no treatment) 5.23 1.16 % 20 Nov 2013
JCp-1 (no treatment) 4.87 1.36 % 20 Nov 2013
JCp-1 (no treatment) 4.15 0.70 % 20 Nov 2013
JCp-1 (no treatment) 4.06 2.03 % 20 Nov 2013
JCp-1 (no treatment) 4.13 1.94 % 20 Nov 2013
JCp-1 (no treatment) 4.53 1.40 % 20 Nov 2013
JCp-1 (no treatment) 4.34 1.04 % 20 Nov 2013
JCp-1 (no treatment) 4.10 1.17 % 20 Nov 2013
JCp-1 (no treatment) 4.01 2.15 % 20 Nov 2013
JCp-1 (no treatment) 4.12 2.20 % 20 Nov 2013
JCp-1 (no treatment) 4.20 1.09 % 20 Nov 2013
JCp-1 (no treatment) 4.07 1.22 % 20 Nov 2013
JCp-1 (no treatment) 4.10 0.62 % 21 Nov 2013
JCp-1 (no treatment) 4.13 4.96 % 21 Nov 2013
JCp-1 (no treatment) 4.07 1.16 % 21 Nov 2013
JCp-1 (no treatment) 3.99 0.85 % 21 Nov 2013
JCp-1 (no treatment) 3.97 1.72 % 21 Nov 2013
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Table A1. Continued.
Reference standard I /Ca (µmolmol−1) Precision (1σ ) Date of measurement
JCp-1 (no treatment) 4.09 0.98 % 21 Nov 2013
JCp-1 (no treatment) 4.05 1.57 % 21 Nov 2013
JCp-1 (no treatment) 4.08 1.65 % 21 Nov 2013
JCp-1 (no treatment) 3.84 1.28 % 21 Nov 2013
JCp-1 (no treatment) 3.79 1.56 % 21 Nov 2013
JCp-1 (no treatment) 5.02 2.17 % 21 Nov 2013
JCp-1 (no treatment) 4.31 1.85 % 21 Nov 2013
JCp-1 (no treatment) 4.24 1.93 % 21 Nov 2013
JCp-1 (no treatment) 5.02 1.93 % 21 Nov 2013
JCp-1 (no treatment) 4.36 1.18 % 21 Nov 2013
JCp-1 (no treatment) 4.30 0.89 % 21 Nov 2013
JCp-1 (homogenised) 4.74 1.50 % 21 Nov 2013
JCp-1 (homogenised) 4.14 0.83 % 21 Nov 2013
JCp-1 (homogenised) 4.23 1.28 % 21 Nov 2013
JCp-1 (homogenised) 4.97 1.46 % 21 Nov 2013
JCp-1 (homogenised) 4.19 1.39 % 21 Nov 2013
JCp-1 (homogenised) 4.20 1.20 % 21 Nov 2013
JCp-1 (homogenised) 4.98 2.34 % 21 Nov 2013
JCp-1 (homogenised) 4.23 2.28 % 21 Nov 2013
JCp-1 (homogenised) 4.22 1.91 % 21 Nov 2013
JCp-1 (homogenised) 4.99 1.96 % 21 Nov 2013
JCp-1 (homogenised) 4.35 0.73 % 21 Nov 2013
JCp-1 (homogenised) 4.42 0.76 % 21 Nov 2013
JCp-1 (homogenised) 3.74 1.29 % 22 Nov 2013
JCp-1 (homogenised) 3.63 1.02 % 22 Nov 2013
JCp-1 (homogenised) 3.55 1.52 % 22 Nov 2013
JCp-1 (homogenised) 3.64 1.07 % 22 Nov 2013
JCp-1 (homogenised) 3.56 1.55 % 22 Nov 2013
JCp-1 (homogenised) 3.53 1.33 % 22 Nov 2013
JCp-1 (homogenised) 3.53 1.17 % 22 Nov 2013
JCp-1 (homogenised) 3.49 1.35 % 22 Nov 2013
JCp-1 (homogenised) 3.58 1.90 % 22 Nov 2013
JCp-1 (homogenised) 3.50 2.36 % 22 Nov 2013
JCp-1 (homogenised) 3.52 1.39 % 22 Nov 2013
JCp-1 (homogenised) 3.54 0.60 % 22 Nov 2013
JCp-1 (homogenised) 3.49 0.89 % 22 Nov 2013
JCp-1 (homogenised) 3.51 1.10 % 22 Nov 2013
JCp-1 (homogenised) 3.48 1.05 % 22 Nov 2013
JCp-1 (homogenised) 3.51 0.60 % 22 Nov 2013
JCp-1 (homogenised) 3.56 1.33 % 22 Nov 2013
JCp-1 (homogenised) 3.57 1.57 % 22 Nov 2013
JCp-1 (homogenised) 3.86 0.88 % 22 Nov 2013
JCp-1 (homogenised) 3.73 0.97 % 22 Nov 2013
JCp-1 (homogenised) 3.80 0.78 % 22 Nov 2013
JCp-1 (homogenised) 3.59 3.65 % 22 Nov 2013
JCp-1 (homogenised) 3.56 1.33 % 22 Nov 2013
JCp-1 (homogenised) 3.58 1.31 % 22 Nov 2013
JCp-1 (homogenised) 3.51 0.79 % 25 Nov 2013
JCp-1 (homogenised) 3.51 0.81 % 25 Nov 2013
JCp-1 (homogenised) 3.47 1.74 % 25 Nov 2013
JCp-1 (homogenised) 3.59 1.35 % 25 Nov 2013
JCp-1 (homogenised) 3.51 0.89 % 25 Nov 2013
JCp-1 (homogenised) 3.50 0.97 % 25 Nov 2013
JCp-1 (homogenised) 3.57 1.21 % 25 Nov 2013
JCp-1 (homogenised) 3.52 1.01 % 25 Nov 2013
JCp-1 (homogenised) 3.63 1.16 % 25 Nov 2013
JCp-1 (homogenised) 3.54 0.49 % 25 Nov 2013
JCp-1 (homogenised) 3.63 1.54 % 25 Nov 2013
JCp-1 (homogenised) 3.58 0.75 % 25 Nov 2013
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Table A1. Continued.
Reference standard I /Ca (µmolmol−1) Precision (1σ ) Date of measurement
JCp-1 (homogenised) 3.56 1.92 % 25 Nov 2013
JCp-1 (homogenised) 3.53 0.63 % 25 Nov 2013
JCp-1 (homogenised) 3.54 1.01 % 25 Nov 2013
JCp-1 (homogenised) 3.66 1.14 % 25 Nov 2013
JCp-1 (homogenised) 3.67 1.12 % 25 Nov 2013
JCp-1 (homogenised) 3.60 0.98 % 25 Nov 2013
JCp-1 (homogenised) 3.98 1.62 % 25 Nov 2013
JCp-1 (homogenised) 4.02 1.40 % 25 Nov 2013
JCp-1 (homogenised) 3.85 1.63 % 25 Nov 2013
JCp-1 (homogenised) 3.72 1.18 % 25 Nov 2013
JCp-1 (homogenised) 3.68 1.26 % 25 Nov 2013
JCp-1 (homogenised) 3.63 1.09 % 25 Nov 2013
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Table A2. I /Ca ratios and precision for the single measurements of the foraminiferal samples. Bold and italic numbers represent measure-
ments which were done 1 day after the dissolution of the sample.
Sample Species Sampling site I /Ca (mmol mol−1) Precision (1σ ) Date of measurement
A1 U. striata M77-1 565/MUC-59 0.58 1.69 % 19 Nov 2013
A1 U. striata M77-1 565/MUC-59 0.56 0.98 % 19 Nov 2013
A1 U. striata M77-1 565/MUC-59 0.56 1.59 % 19 Nov 2013
A1 U. striata M77-1 565/MUC-59 0.53 1.90 % 19 Nov 2013
A1 U. striata M77-1 565/MUC-59 0.50 1.31 % 19 Nov 2013
A1 U. striata M77-1 565/MUC-59 0.52 1.24 % 19 Nov 2013
A1 U. striata M77-1 565/MUC-59 0.47 3.39 % 20 Nov 2013
A1 U. striata M77-1 565/MUC-59 0.49 3.68 % 20 Nov 2013
A1 U. striata M77-1 565/MUC-59 0.51 3.97 % 20 Nov 2013
A1 U. striata M77-1 565/MUC-59 0.51 3.85 % 20 Nov 2013
A1 U. striata M77-1 565/MUC-59 0.49 7.45 % 20 Nov 2013
A1 U. striata M77-1 565/MUC-59 0.60 17.95 % 20 Nov 2013
A2 U. striata M77-1 565/MUC-59 0.62 1.35 % 19 Nov 2013
A2 U. striata M77-1 565/MUC-59 0.61 0.96 % 19 Nov 2013
A2 U. striata M77-1 565/MUC-59 0.60 1.32 % 19 Nov 2013
A2 U. striata M77-1 565/MUC-59 0.59 1.42 % 19 Nov 2013
A2 U. striata M77-1 565/MUC-59 0.56 1.39 % 19 Nov 2013
A2 U. striata M77-1 565/MUC-59 0.55 1.32 % 19 Nov 2013
A2 U. striata M77-1 565/MUC-59 0.54 2.80 % 20 Nov 2013
A2 U. striata M77-1 565/MUC-59 0.53 3.13 % 20 Nov 2013
A2 U. striata M77-1 565/MUC-59 0.55 3.47 % 20 Nov 2013
A2 U. striata M77-1 565/MUC-59 0.52 3.46 % 20 Nov 2013
A3 U. striata M77-1 565/MUC-59 0.53 1.96 % 21 Nov 2013
A3 U. striata M77-1 565/MUC-59 0.51 2.40 % 21 Nov 2013
A3 U. striata M77-1 565/MUC-59 0.50 3.08 % 21 Nov 2013
A3 U. striata M77-1 565/MUC-59 0.48 2.96 % 21 Nov 2013
A3 U. striata M77-1 565/MUC-59 0.52 2.42 % 21 Nov 2013
A3 U. striata M77-1 565/MUC-59 0.52 2.17 % 21 Nov 2013
A3 U. striata M77-1 565/MUC-59 0.51 2.05 % 21 Nov 2013
A4 U. striata M77-1 565/MUC-59 0.53 1.85 % 22 Nov 2013
A4 U. striata M77-1 565/MUC-59 0.52 2.43 % 22 Nov 2013
A4 U. striata M77-1 565/MUC-59 0.53 3.90 % 22 Nov 2013
A4 U. striata M77-1 565/MUC-59 0.52 3.74 % 22 Nov 2013
A4 U. striata M77-1 565/MUC-59 0.53 2.25 % 22 Nov 2013
A4 U. striata M77-1 565/MUC-59 0.52 1.74 % 22 Nov 2013
A4 U. striata M77-1 565/MUC-59 0.52 3.19 % 22 Nov 2013
A4 U. striata M77-1 565/MUC-59 0.54 3.12 % 22 Nov 2013
A9 U. striata M77-1 565/MUC-59 0.51 4.38 % 25 Nov 2013
B1 U. striata M77-1 487/MUC-38 0.47 1.86 % 19 Nov 2013
B1 U. striata M77-1 487/MUC-38 0.44 2.15 % 19 Nov 2013
B1 U. striata M77-1 487/MUC-38 0.40 3.06 % 19 Nov 2013
B1 U. striata M77-1 487/MUC-38 0.41 2.98 % 19 Nov 2013
B1 U. striata M77-1 487/MUC-38 0.35 4.70 % 20 Nov 2013
B1 U. striata M77-1 487/MUC-38 0.32 4.37 % 20 Nov 2013
B1 U. striata M77-1 487/MUC-38 0.38 5.24 % 20 Nov 2013
B1 U. striata M77-1 487/MUC-38 0.36 4.91 % 20 Nov 2013
B1 U. striata M77-1 487/MUC-38 0.36 4.71 % 20 Nov 2013
B1 U. striata M77-1 487/MUC-38 0.33 5.24 % 20 Nov 2013
B2 U. striata M77-1 487/MUC-38 0.37 2.43 % 21 Nov 2013
B2 U. striata M77-1 487/MUC-38 0.35 3.71 % 21 Nov 2013
B2 U. striata M77-1 487/MUC-38 0.35 2.78 % 21 Nov 2013
B2 U. striata M77-1 487/MUC-38 0.33 2.29 % 21 Nov 2013
B3 U. striata M77-1 487/MUC-38 0.51 2.24 % 22 Nov 2013
B3 U. striata M77-1 487/MUC-38 0.51 3.78 % 22 Nov 2013
B3 U. striata M77-1 487/MUC-38 0.47 3.36 % 22 Nov 2013
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Table A2. Continued.
Sample Species Sampling site I /Ca (mmolmol−1) Precision (1σ ) Date of measurement
B3 U. striata M77-1 487/MUC-38 0.48 3.70 % 22 Nov 2013
C1 U. striata M77-1 455/MUC-21 0.28 3.14 % 21 Nov 2013
C1 U. striata M77-1 455/MUC-21 0.34 4.29 % 21 Nov 2013
C2 U. striata M77-1 455/MUC-21 0.33 3.23 % 22 Nov 2013
C2 U. striata M77-1 455/MUC-21 0.34 5.14 % 22 Nov 2013
C2 U. striata M77-1 455/MUC-21 0.31 3.79 % 22 Nov 2013
C2 U. striata M77-1 455/MUC-21 0.33 4.93 % 22 Nov 2013
F1 U. striata M77-2 47-3 0.41 4.47 % 25 Nov 2013
G1 U. striata M77-1 516/MUC-40 0.57 3.13 % 25 Nov 2013
H2 U. striata M77-1 459/MUC-25 0.91 2.35 % 25 Nov 2013
A5 P. limbata M77-1 565/MUC-59 1.38 2.57 % 19 Nov 2013
A5 P. limbata M77-1 565/MUC-59 1.19 2.56 % 19 Nov 2013
A5 P. limbata M77-1 565/MUC-59 1.00 1.74 % 20 Nov 2013
A6 P. limbata M77-1 565/MUC-59 1.21 1.55 % 19 Nov 2013
A6 P. limbata M77-1 565/MUC-59 1.16 1.36 % 19 Nov 2013
A6 P. limbata M77-1 565/MUC-59 0.94 2.10 % 20 Nov 2013
A7 P. limbata M77-1 565/MUC-59 1.19 1.99 % 21 Nov 2013
A7 P. limbata M77-1 565/MUC-59 1.20 1.69 % 21 Nov 2013
A8 P. limbata M77-1 565/MUC-59 1.32 2.61 % 22 Nov 2013
A10 P. limbata M77-1 565/MUC-59 1.13 2.20 % 25 Nov 2013
B4 P. limbata M77-1 487/MUC-38 1.07 1.54 % 19 Nov 2013
B4 P. limbata M77-1 487/MUC-38 1.03 2.18 % 19 Nov 2013
B4 P. limbata M77-1 487/MUC-38 0.88 3.08 % 20 Nov 2013
B5 P. limbata M77-1 487/MUC-38 1.43 1.40 % 22 Nov 2013
B5 P. limbata M77-1 487/MUC-38 1.31 2.01 % 22 Nov 2013
B6 P. limbata M77-1 487/MUC-38 1.77 1.25 % 22 Nov 2013
D1 P. limbata M77-1 553/MUC-54 1.34 1.99 % 25 Nov 2013
E1 P. limbata M77-1 406/MUC-06 2.20 1.28 % 25 Nov 2013
B7 H. elegans M77-1 487/MUC-38 0.13 4.49 % 19 Nov 2013
B7 H. elegans M77-1 487/MUC-38 0.12 9.13 % 19 Nov 2013
B7 H. elegans M77-1 487/MUC-38 0.11 13.40 % 20 Nov 2013
B7 H. elegans M77-1 487/MUC-38 0.13 13.13 % 20 Nov 2013
B7 H. elegans M77-1 487/MUC-38 0.10 17.23 % 20 Nov 2013
B8 H. elegans M77-1 487/MUC-38 0.13 7.06 % 21 Nov 2013
B8 H. elegans M77-1 487/MUC-38 0.12 6.79 % 21 Nov 2013
B8 H. elegans M77-1 487/MUC-38 0.14 9.42 % 21 Nov 2013
B8 H. elegans M77-1 487/MUC-38 0.13 5.62 % 21 Nov 2013
B8 H. elegans M77-1 487/MUC-38 0.12 5.51 % 21 Nov 2013
B8 H. elegans M77-1 487/MUC-38 0.14 4.44 % 21 Nov 2013
B8 H. elegans M77-1 487/MUC-38 0.13 4.64 % 21 Nov 2013
C3 H. elegans M77-1 455/MUC-21 0.31 7.27 % 22 Nov 2013
C3 H. elegans M77-1 455/MUC-21 0.23 4.55 % 22 Nov 2013
C3 H. elegans M77-1 455/MUC-21 0.24 5.37 % 22 Nov 2013
C3 H. elegans M77-1 455/MUC-21 0.22 6.46 % 22 Nov 2013
C3 H. elegans M77-1 455/MUC-21 0.27 5.58 % 22 Nov 2013
C3 H. elegans M77-1 455/MUC-21 0.23 3.57 % 22 Nov 2013
C3 H. elegans M77-1 455/MUC-21 0.26 3.18 % 22 Nov 2013
C3 H. elegans M77-1 455/MUC-21 0.24 3.24 % 22 Nov 2013
C4 H. elegans M77-1 455/MUC-21 0.14 4.57 % 22 Nov 2013
C4 H. elegans M77-1 455/MUC-21 0.12 3.80 % 22 Nov 2013
C4 H. elegans M77-1 455/MUC-21 0.14 12.25 % 22 Nov 2013
C4 H. elegans M77-1 455/MUC-21 0.13 12.97 % 22 Nov 2013
C4 H. elegans M77-1 455/MUC-21 0.13 6.72 % 22 Nov 2013
C4 H. elegans M77-1 455/MUC-21 0.13 6.24 % 22 Nov 2013
C4 H. elegans M77-1 455/MUC-21 0.13 10.51 % 22 Nov 2013
C4 H. elegans M77-1 455/MUC-21 0.12 12.16 % 22 Nov 2013
J1 H. elegans M77-1 604/MUC-74 0.29 5.87 % 25 Nov 2013
H1 U. peregrina M77-1 459/MUC-25 0.40 4.87 % 25 Nov 2013
J2 U. peregrina M77-1 604/MUC-74 0.48 3.55 % 25 Nov 2013
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